Literature data on partitioning of compounds from the gas phase to a number of amides and from water to the amides has been collected and analyzed through the Abraham solvation equations. The resulting equations are statistically good enough to be used for the prediction of further partition coefficients, and allow deductions to be made about the chemical properties of the amides, as solvents. For example, tertiary amides have no hydrogen bond property at all, secondary amides are rather weak hydrogen bond acids, and primary amides are stronger hydrogen bond acids than are alcohols as solvents. Equations for partitioning from the gas phase to amide solvents can also be used to test if the amides are possible models for a number of biological phases and biological processes. It is shown that no organic solvent is a suitable model for phases such as blood, brain, muscle, liver, heart or kidney, but that a number of rather non-polar solvents are models for fat. N-methylformamide is shown to be the best (and excellent) model for eye irritation and nasal pungency in humans, suggesting that the receptor site in these processes is protein-like. 
Introduction
We have previously reported on the partition of compounds from water and from air into a number of solvents. The solvents can be saturated with water, that is 'wet' solvents, or they can be 'dry' solvents. In a number of cases, solvation of compounds in the dry and wet solvents is essentially the same, so that the same equations can be used to fit partition coefficients and to predict further partition coefficients into either wet or dry solvents. These solvents include hexadecane, 1, 2 olive oil, 1 the lower alkanes, 2 cyclohexane, 2 chloroform, 3 dodecane, 4 undecane, 4 isopropyl myristate, 5 butane, 6 1,2-dichloroethane, 7 and the monohalobenzenes. 8 On the other hand, there are many solvents in which solvation of compounds into the wet or dry solvents is not the same, and different equations must be used for the correlation and prediction of partition coefficients in the wet and dry solvents. These solvents include aliphatic ethers, 9, 10 alcohols, 11, 12 acetates 13 and ketones. 14 In all these solvent series, solvation into the wet and dry solvents differed considerably for the lower homologs, in which water was very soluble, but less so for the higher homologs in which water was not very soluble.
We have previously constructed equations for solvation of solutes in a few amides, using an old version of our linear free energy relationships, LFERs. 15 However, the range of solute type was small, and the number of solutes not very large. The first aim of the present work is to set out updated equations that will be useful in the prediction of further gas to amide partition coefficients. The second aim is to compare coefficients in the equations for gas to amide partitions, and also in the (hypothetical)
water to amide partitions, with corresponding equations that we have already obtained for a variety of biological phases, including blood, 16, 17 brain, 18, 19 fat, 20 muscle, 21 liver, 22 lung 23 and skin. 24 Since the constituents of these phases are mostly water, protein and fat, it is possible that amides, with the peptide =N-C(=O)-bond, could be possible models for the solution properties of some of these phases.
Methodology
The amides that we shall consider are all miscible with water, and so the prime experimental data will be partitioning from the gas phase into the dry solvents, in terms of the gas to solvent partition coefficient K s , defined through eqn (1) .
K s = concentration of solute in solution/concentration of solute in the gas phase (1) If concentrations in the gas phase and in solution are in the same units, for example mol dm -3 , then K s has no units and is equivalent to the Ostwald absorption coefficient. Values of K s can be converted into the hypothetical water to dry solvent partition coefficient, P s , through eqn (2) where K w is the air to water partition coefficient. [9] [10] [11] [12] [13] [14] [25] [26] [27] [28] [29] Log P s = log K s -log K w (2) Various experimental data can be used to obtain K s values for partitioning into the dry amides. For volatile solutes K s can be determined directly. Air to solvent partition coefficients can also be obtained from the experimentally determined Henry's Law constants and the experimentally known solute vapour pressure, and also from the solute activity coefficient at infinite dilution in the solvent, together with the solute vapour pressure. In addition, a very useful method is to use the amide solvent as the stationary phase in gas liquid chromatography. Then measurement of the volume of elution of a solute gives K s directly.
The LFERs, eqn (3) and eqn (4) , are used to analyze the partition coefficients, as log K s and log Ps.
30, 31
Log
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The independent variables in eqn (3) and eqn.(4) are solute descriptors as described before. 30, 31 E is the solute excess molar refraction in units of (cm 3 mol -1 )/10, S is the solute dipolarity/polarizability, A and B are the overall or summation solute hydrogen bond acidity and basicity, V is the McGowan characteristic volume 15 in units of (cm 3 mol -1 )/100, and L is the logarithm of the gas to hexadecane partition coefficient at 298 K.
Results

N,N-Dimethylformamide, DMF
All data refer to dry DMF at 298K. We were able to assemble values of log K s for 171
solutes. Values were derived from Henry's Law constants or activity coefficients or from solubilities [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] as referenced in Table S1 . Methyl 4-hydroxybenzoate was left out, because the solubility in DMF is very large (4.8 mol dm -3 ), and 3-nitrobenzoic acid was omitted because it forms a solvate with DMF. 67 This left 169 compounds for which the log K s values together with the corresponding log P s values and descriptors are given in Table S1 . Application of eqn (3) yielded the LFER, eqn (5); the term in bB was not significant and was omitted to yield eqn (6). In eqn (5) and eqn (6) , N is the number of data points (the number of compounds), R is the correlation coefficient, SD is the regression standard deviation, and F is the Fstatistic. The leave-one-out statistics are Q 2 , PRESS, and PSD the 'predictive' standard deviation, as defined previously. Log Möllmann and Gmehling 72 used a GLC method to obtain activity coefficients of 43 solutes in DBF from 303K to 333K. We extrapolated the data to 298K and obtained the corresponding log K s (DBF) and log P s (DBF) values shown in Table S6 . No other data appeared to be available and the equations based on the data of Möllmann and
Gmehling are as eqn (16) and eqn (17) . We left out chlorobenzene, which was a considerable outlier and also water, because of the possibility of adsorption. Table S7 . The regression equations are given as eqn (18) Krummen et al. 94 have used the same method to obtain activity coefficients for 23 volatile solutes in the tertiary amides 1,5-dimethylpyrrolidinone and 1-ethylpyrrolidinone. Unfortunately, no hydrogen bond acids were examined, and so it is not possible to obtain the full regression equations.
N-Methylformamide, NMF
Activity coefficients at temperatures between 303 and 333K have been determined by Gruber et al., 95 using a GLC method, and we have extrapolated these to 298K and then obtained the corresponding log K s (NMF) and log P s (NMF) values for 30
solutes, as given in Table S8 ; there is also an additional value for 1,4-dioxane. 70 Bruckel and Kim 33 have determined the solubility of three gases in NMF, and both Smiley 69 and Castells et al. 32 have obtained activity coefficients for a number of hydrocarbons, some of which overlap with the solutes used by Gruber et al. 95 There is also a value for the solubility of oxygen, 96 in NMF. 61 and NMF itself can be included with an activity coefficient of unity. This leaves a total of 52 solutes, see Table S8 . There were no outliers, and the regression equations are eqn 20 and eqn 21. 
N-Methylacetamide, NMA
The main set of data is the experimental activity coefficients of Möllmann and Table S9 . There were no outliers and the equations for log K s (NMA) and log P s (NMA) are given as eqn 22 and eqn 23. 
N-Ethylformamide, NEF
The only data available are the activity coefficients for 26 solutes obtained by Topphoff et al. 101 Although the number of solutes is very small, it does include alcohols, and so it is possible to obtain regression equations for log K s (NEF) and log P s (NEF). The data used is in Table S10 . 
N-Ethylacetamide, NEA
The main set of activity coefficients for 27 solutes is that of Krummen et al. 92 supplemented by the data of Smiley. 69 A number of alcohols is included in the data set, 92 and equations for log K s (NEA) and log P s (NEA) are as follows. The data used are in Table S11 . Table S12 .
Formamide, F
Solubilities of a number of solids in formamide have been reported and can be used to obtain values of log P s (F) and then of log K s (F). The solids are methyl 4-hydroxybenzoate, 61 diclofenac, 60 2-hydroxybenzoic acid, 60 niflumic acid, 65 ibuprofen, 66 and piroxicam. 65 Richardson et al. 106 report the solubility of temazepam in formamide, but this was considerably out of line and was omitted. Details of all the solutes used are in Table S12, One important use of amide solvents is in the selective solution of aromatic compounds over aliphatic compounds in processes such as gas stripping. We can use the various equations in log K s to predict values for typical aromatic and aliphatic solutes, and hence to predict selective solution of aromatic compounds. Results are in Table 3 for a tertiary amide (DMF), a secondary amide (NMF) and a primary amide (formamide), together with a number of other well-known solvents. We chose acetophenone and 4-methylcyclohexanone and phenol and cyclohexanol as two pairs of aromatic/aliphatic solutes. Results in Table 3 are not entirely as expected.
Dimethylsulfoxide, DMSO, is more selective than the amides, and for the pair of solutes acetophenone/4-methylcyclohexanone only formamide is much more selective than the aliphatic solvent, butanone. For the other pair, DMSO is again the most selective solvent, but all the amides are more selective towards phenol than are the aliphatic solvents. A similar analysis can be carried out for almost any pair of solutes used in chemical engineering processes, for a large number of solvents. we can now compare these coefficients with those for various solvents, including olive oil 120 as well as the amide solvents studied in this work.
We have also examined the effect of volatile solutes on nasal pungency thresholds (NPT), eye irritation thresholds (EIT) and odor detection thresholds (ODT) in humans, and have obtained equations based on eqn 3 for log(1/NPT), 121 log(1/EIT) 122 and log (1/ODT). 121 Coefficients for the most up-to-date data 123 are given in Table 6 . In addition, we have obtained 124 an equation for inhalation anesthesia on rats for log(1/MAC) where MAC is the minimum alveolar concentration of an inhaled anesthetic that prevents movement in 50% of rats; coefficients are in Table 6 . It is not very easy to judge which of the sets of coefficients in Table 6 are near to each other, but a simple visualization can be achieved using principal components analysis (PCA) of the five coefficients e, s, a, b, and l. The relevant five columns of data in Table 6 are transformed into five principal components that are mutually orthogonal. The scores for the first two PCs contain (in the present case) 84% of the total information, and so a simple two-dimensional plot of PC2 against PC1 will give a reasonable indication of which processes are chemically similar, in terms of the coefficients in the appropriate equations. Such a plot is shown in Figure 1 . that is all. No doubt the large amount of water in these biological phases precludes the dry organic solvents as suitable models. It is no coincidence that wet butanol contains more water than the other wet solvents. For fat, the rather non-polar solvents olive oil and chloroform are suitable models, and no doubt other non-polar solvents will also be suitable models. Since fat is 80% lipid, this is not surprising.
In contrast, there are a number of suitable model solvents for eye irritation, nasal pungency and inhalation anesthesia, especially N-methylformamide (No 14) and methanol (No18). The closeness of methanol as a model solvent for inhalation anesthesia has already been noticed. 124 However, NMF is a much more reasonable model for processes in which the main step is transfer from the gas phase to a receptor site/area that probably consists of proteins, as is likely the case for nasal pungency 121 and eye irritation 122 . In fact, various studies have shown that many chemicals produce chemical sensory irritation (i.e., chemesthesis) via activation of proteins from various subfamilies of transient receptor potential (TRP) ion channels. [125] [126] [127] [128] [129] The PCA method provides a useful visual method of comparing coefficients, but there are two rigorous methods that yield exact comparisons for the assessment of the closeness of equations based on eqn 3. In the procedure of Ishihama and Asakawa It is of some interest that wet octanol (No 22) appears to be a poor model for all the biological phases and processes that we have considered. This does not preclude log P(wet octanol) being used as a descriptor in a multiple descriptor analysis of biological phases and processes, but our analysis shows that it cannot be taken for granted that wet octanol is a good model (or even the best model) for any particular biological phase or process.
Conclusion
We have set out equations for the solubility of gases and vapors in a variety of tertiary, secondary and primary amides. These equations are statistically good enough to use to predict further values of the gas to amide partition coefficients at 298K. The equations contain valuable data on the chemical properties of the amides as solvents, and can be used to predict separation factors for mixtures of solutes. A detailed investigation of organic solvents as possible models for biological phases and biological processes reveals that no pure organic solvent can be used as a model for the solubility of gases and vapors in a variety of biological phases. However, Nmethylformamide is revealed as an excellent model for nasal pungency thresholds and eye irritation thresholds in humans, and suggests that the receptor site must be protein-like in character.
Supplementary material
Tables S1 to S12 are provided as supplementary material. The Tables contain all the log K s and log P s values we have used, together with individual references for each compound and the descriptors used in the regression equations.
